Temperature is a relevant physical parameter to monitor the biodegradation phases of waste mass. Irstea and the landfill operator SAS Les Champs Jouault have been collaborating since 2011 to study the temporal evolution and the spatial distribution of temperature in a municipal solid waste cell. Using distributed temperature sensing technology, optical fibres were installed in waste mass composed of household waste and industrial waste at different depths during the landfilling period. Temperature distributions were studied from 2012 until 2018 and the same evolutions are observed everywhere with more or less important amplitude variations depending on the location of the measurement point. When landfilled, the waste is at ambient temperature and a significant increase is observed the following year due to the exothermic impact of the aerobic biodegradation phase before a slower decrease during the anaerobic biodegradation phase over several years. Thermal parameters of the waste mass and the surrounding soil, as well as the heat generation function, are calculated using numerical simulation to reproduce the temperature evolution and its spatial distribution. The study of the long-term temperature evolution makes it possible to evaluate the favourable period during which the deposit cell will be in optimal conditions to promote the biodegradation waste processes.
Introduction
Landfilling is still a main option of solid waste management among the different strategies available today. As an illustration, in France, approximately 29% of the total amount of waste collected is landfilled in municipal solid waste landfills (MSWLs) [1] . To optimise the waste stabilisation process and enhance energy production from biogas, some landfills are operated as bioreactors [2] [3] [4] . This concept induces leachate recirculation to increase moisture content, which is generally insufficient in sanitary landfills. Moisture and homogeneous distribution of microflora are essential to achieve optimal biodegradation performances [5] [6] [7] . In France [8] , the waste has to be covered at the end of the filling operation before using the leachate recirculation system, which is mainly composed by horizontal perforated pipes rather than vertical wells.
Using landfills as bioreactors has many advantages: (i) the gas production rate can increase and energy recovery becomes more efficient, (ii) waste decomposition acceleration can shorten the monitoring period and thereby reduce the overall cost and (iii) over the long term, the density of waste could increase and therefore the storage capacity of landfills could be greater [2, 9, 10] .
However, it is quite difficult to control that a homogeneous biodegradation has been reached everywhere in a landfill cell. The MSWL body is a very heterogeneous medium composed of plastics, glass, metals, unclassified combustibles and incombustibles, as well as a large proportion of biodegradable matter such as putrescible, paper, cardboard, wood, etc. After filling, the biodegradation process naturally occurs with aerobic hydrolytic reactions. When a waste layer is covered by another, oxygen is consumed and the process becomes anaerobic and is called anaerobic digestion (AD). The AD of municipal solid waste (MSW) is a complex process which involves numerous reactions and micro-organisms. MSW degradation is divided into four main successive steps, i.e., hydrolysis, acidogenesis, acetogenesis which are the main precursors of methane production during the last step, which is called methanogenesis [11] .
To be efficient, the numerous reactions and micro-organisms involved in AD and especially in methane generation require specific conditions. The most significant parameters or biological factors are moisture content, temperature, oxygen content, carbon-to-nitrogen ratio, pH and inhibitor concentration [12] . Water is essential for microbial growth because it accounts for 80% of microbe's cell mass [13] . Moreover, the leachate acts as a reactant in the degradation process of organic matter [14] and also allows the dilution of inhibitor compounds and the circulation of nutrients, soluble substrates and micro-organisms [15] . Temperature also affects enzymatic activity and micro-organism growth. For example, methanogen micro-organisms are adapted to specific temperature ranges (psychrophilic 4-15 • C, mesophilic 20-40 • C and thermophilic 45-70 • C) [16, 17] . In laboratory studies, optimum temperature ranges for the growth of mesophilic and thermophilic bacteria responsible for waste decomposition were identified to be 35-40 • C and 50-60 • C, respectively [14] . Moreover, temperature affects the biochemical and physico-chemical reactions and its increases lead to an increase in reaction kinetics and biogas production. However, if the temperature is too high, generally higher than 70 • C, deleterious effects and a decreased biochemical reaction rate may result [16] .
The performance of bioreactor landfill is directly related to the hydraulic sizing of the recirculation networks and therefore to the flow rate and volume of leachate reinjected. To conduct this evaluation, monitoring tools were developed by the operators and many research programs were undertaken especially to study the changes in moisture content [3, [18] [19] [20] . According to the temperature difference between the leachate reinjected and the waste mass, generally warmer than leachate stored in outdoor ponds, fast variations of temperature can also be observed in waste and can be explained by leachate flows.
For all of the above reasons, temperature measurement is a relevant parameter for monitoring the different phases of biodegradation of non-hazardous waste, which can also be obtained from the production and composition of leachate and biogas. However, even if their relevance is not in question, it is important to note that leachate and biogas represent global information of the whole storage cell and that no spatial description is possible that can highlight local dysfunctions. To go into more detail, the methods that can spatially describe the medium being studied and for different scales of measurement would be very interesting and geophysical methods are part of it [21] [22] [23] . Also, the distributed temperature sensing (DTS) technology using optical fibres can be used to describe the temperature distribution of the medium surrounding the measuring cable [24, 25] . This in situ test is very rare because it requires a fibre-optic set-up during the filling operation, which is difficult to reconcile with the constraints during the operating steps.
The acquisition of temperature measurements is therefore difficult for obvious technical reasons and not for lack of measurement tools. Numerical modelling of the thermal behaviour of waste mass during landfilling (aerobic phase) and post-closure (anaerobic phase) is a very classical approach that has been conducted by many authors. Numerous tests were managed to describe the thermal properties of waste mass, notably the thermal conductivity and the specific heat capacity [13, 26, 27] . Even if the data published are in the same order of magnitude, the differences highlighted are mainly linked to climatic conditions, mean annual earth temperatures, waste temperatures at the time of placement, cover conditions, and inherent heat generation potential of the specific wastes [28] .
Even if heat production occurs mainly during the aerobic phase, the anaerobic phase can generate heat too [29] . During the aerobic phase which involves an exothermic process, the main part of the waste-mass producing heat is mainly located in the top 1 m of waste body exposed to ambient air [30] . Moreover, Hanson [31, 32] assumed that this initial aerobic phase occurred during the first four months subsequent to placement of waste.
A research project has been managed since 2011 with the industrial landfill operator SAS Les Champs Jouault (France) to study the temporal evolution and spatial distribution of data coming from distributed temperature sensing (DTS) technology using optical fibres.
The aim of this paper is first to explain the evolution of the numerous temperature data recorded in a landfill cell over six years after the landfilling period. The second objective is to propose a numerical model to describe the temperature within the waste cell studied, especially on its sides, and to discuss the thermal parameters used to set the model during the biodegradation phases of the waste mass.
Material and Methods

Landfill Bioreactor Description
The industrial landfill site is located in northwest France near Caen (Manche) (Figure 1a and b) and is managed by the landfill operator SAS Les Champs Jouault. It is a non-hazardous municipal waste landfill fully operated as a bioreactor, where each waste deposit cell is equipped with a leachate recirculation system. The incoming waste is composed of approximately 50% household waste and 50% non-hazardous industrial waste and was characterised according the European standards for sampling NF EN 14899 [33] and NF X30,466 [34] . The household waste characterisation was in accordance with the MODECOM model 2007 defining 13 categories of material and the most important ones are the putrescibles and the paper/cardboard, which represent respectively 32% and 21% of the total mass [35] . The non-hazardous industrial waste comprised 50% of combustible (wood in different forms) and non-combustible (stone, sand, gravel) fractions compared to 18% for the household waste. Very few ferrous metals are present, less than 1% in dry matter and no ash. The MSWL cells spread across more than 5000 m 2 , approximately 100 m long, 50 m wide and 15 m at their maximum height ( Figure 1c ). The layering of the waste deposit cells consists in a 1 m soil cover overlaying a layer of waste for a total thickness up to 10-15 m, and the bottom is made up of a 0.5 m layer of drainage materials for leachate collection (Figure 1d ). The whole landfill cell structure is sealed from the environment by a double-seal barrier: a passive layer composed of a loamy clay layer and an active layer using a high density polyethylene (HDPE) Geomembrane and Geotextile for its mechanical protection. At the top of the waste deposit cell (Figure 1e ), mixed horizontal trenches are installed and used alternatively for biogas extraction and leachate recirculation. Between two recirculation events, biogas is extracted continuously using pumping systems which maintain negative pressures within the cell, ensuring a constant inward pressure gradient. The drained leachate is discharged periodically into a storage pond with a lifting pump located at the bottom of a vertical well.
The study is conducted on the waste deposit cell called CELL4 (Figure 1b ), which was landfilled between September 2011 and June 2012 and covered with the HDPE Geomembrane, sealing the top barrier in November 2012. The waste cell was filled in successive horizontal layers and compacted to the final height to reach a total volume of 67,700 m 3 , a waste mass of 64,333 T and an average density equal to 0.95. All the waste deposit cells are managed with leachate reinjection. 
Temperature Measurements using Distributed Temperature Sensing (DTS) Technology
Implementation and Calibration of Optical Fibre for Temperature Measurement
The optical fibres used are the ACOLAN N6680 with a central loose tube, Multimode 50/125, diameter 6.2 mm and six fibre optics (Acome, Mortain (50), France). The optical fibres were installed in different trenches dug in the waste mass and exit through the Geomembrane on one side of the CELL4 (Figure 2a ). The mechanical fragility of optical fibres does not allow their installation to be exposed to the waste mass. To prevent its damage and ensure durability, the first bed of sand was placed at the bottom of the trench to lay the optical fibre on it, and then a second bed of sand, followed by a geotextile cover. The excavated waste from the trench was put back in place at the end and the The optical fibres used are the ACOLAN N6680 with a central loose tube, Multimode 50/125, diameter 6.2 mm and six fibre optics (Acome, Mortain (50), France). The optical fibres were installed in different trenches dug in the waste mass and exit through the Geomembrane on one side of the CELL4 (Figure 2a ). The mechanical fragility of optical fibres does not allow their installation to be exposed to the waste mass. To prevent its damage and ensure durability, the first bed of sand was placed at the bottom of the trench to lay the optical fibre on it, and then a second bed of sand, followed by a geotextile cover. The excavated waste from the trench was put back in place at the end and the landfilling of Figure 2c ). All the optical fibres were connected to the Distributed Temperature Sensing (DTS) System (DTS Oryx, Sensornet, UK) located in the instrumentation shed in May 2012, which is the beginning of the temperature survey. This equipment has 1 m of spatial resolution, a temperature resolution of 0.01 • C, a measurement time selected equal to 30 s with three repetitions for each measurement channel and a sensing length equal to the length of the cable used. To proceed to the calibration of the temperature measurement, approximately 10 m of each optical fibre are wrapped inside a thermally insulated box with Pt100 temperature probes. Each optical fibre travels from the instrumentation shed to the end of the trench and then loops back to the shed, retracing its path. This doubling of the fibres allows the connection of one or the other end of the cable in the event of breakage. The temperature profiles are the same to go to the end of the trench and to return, so only one segment is analysed from the shed to the end of the waste trench. The temperature must be calibrated to take into account the characteristics of the glass used to build the fibre optic cable, slightly different from one to another. For each measurement, from the initial recorded temperature profile, slope and offset corrections were made to adjust the data to the reference temperatures recorded with Pt100 probes. The calibration was made in the two sections of the cable located in the isothermal box with the reference probes to reach an accuracy of ±0.5 • C on the whole temperature profile. Then, after the temperature calibration, no further modifications are required and the temperature measurements are available to be analysed with Excel software.
Geosciences 2019, 9, 426 5 of 22 constraints on CELL4 during this period ( Figure 2c ). All the optical fibres were connected to the Distributed Temperature Sensing (DTS) System (DTS Oryx, Sensornet, UK) located in the instrumentation shed in May 2012, which is the beginning of the temperature survey. This equipment has 1 m of spatial resolution, a temperature resolution of 0.01 °C , a measurement time selected equal to 30 s with three repetitions for each measurement channel and a sensing length equal to the length of the cable used. To proceed to the calibration of the temperature measurement, approximately 10 m of each optical fibre are wrapped inside a thermally insulated box with Pt100 temperature probes. Each optical fibre travels from the instrumentation shed to the end of the trench and then loops back to the shed, retracing its path. This doubling of the fibres allows the connection of one or the other end of the cable in the event of breakage. The temperature profiles are the same to go to the end of the trench and to return, so only one segment is analysed from the shed to the end of the waste trench. The temperature must be calibrated to take into account the characteristics of the glass used to build the fibre optic cable, slightly different from one to another. For each measurement, from the initial recorded temperature profile, slope and offset corrections were made to adjust the data to the reference temperatures recorded with Pt100 probes. The calibration was made in the two sections of the cable located in the isothermal box with the reference probes to reach an accuracy of ±0.5 °C on the whole temperature profile. Then, after the temperature calibration, no further modifications are required and the temperature measurements are available to be analysed with Excel software. 
Comparison between Fibre Optics and Punctual Probes
To confirm the temperature interpreted from DTS data and their reliability, several thermistors probes were laid in the trenches dug, close to the fibre optic cable at referenced points in Layer 1 and Layer 2 ( Figure 2c ). In addition, another goal was to obtain a more detailed continuous evolution of temperature using a data logger with an acquisition time step of one hour from the end of the landfilling period and the beginning of the post-closure survey. Among the nine thermistors probes placed in waste deposit CELL4, the first three located in the first layer, Layer 1, 4 m from waste cell bottom, were out of order only a few months after they were set up. In Layer 2, 9 m from the cell 
To confirm the temperature interpreted from DTS data and their reliability, several thermistors probes were laid in the trenches dug, close to the fibre optic cable at referenced points in Layer 1 and Layer 2 ( Figure 2c ). In addition, another goal was to obtain a more detailed continuous evolution of temperature using a data logger with an acquisition time step of one hour from the end of the landfilling period and the beginning of the post-closure survey. Among the nine thermistors probes placed in waste deposit CELL4, the first three located in the first layer, Layer 1, 4 m from waste cell bottom, were out of order only a few months after they were set up. In Layer 2, 9 m from the cell bottom, the six thermistors probes were useful between 6 months and 2 years before also being damaged. Only the data from sensors T6, T7 and T9 ( Figure 2c ) are presented because other recording files are not long enough and therefore not relevant.
Temperature Measurements Interpretation
The temperatures were recorded monthly using the DTS equipment from 2012 until 2014, then quarterly until 2018. As the fibre optics are arranged by level, the temperature distributions are presented first by horizontal sections for Layer1 and Layer 2 (Figure 2c ). To avoid the presentation of too many sections, only one per year was chosen. The gridding method used between the temperature measurements is the triangulation with a linear interpolation method. CELL4 boundaries are in contact across the sealing barrier to atmospheric conditions at the top and two sides, to the soil at the bottom and to another cell, CELL3, on one side. Figure 
Three-Dimensional (3D) Simulation of Temperature of Waste Deposit CELL4
The temperature distribution from DTS measurements describe two horizontal layers with numerous data using only 4 optical fibres, which is difficult with any other technique. To get the temperature variations over time of the entire waste deposit CELL4 volume linked to the biodegradation processes, a numerical simulation was proposed. The difficulty is making the model reliable, with appropriate thermal parameters, to reduce the gap between the recorded and simulated temperatures. The aim of this study is to find the most suitable thermal parameters to fit the temperature measured and to analyse the values found in relation to the data available in the literature. From the point of view of an industrial operator, knowing the temperature evolution for the coming years is crucial to manage a landfill in bioreactor mode.
Governing Equation
The temperature simulation tool is the finite element software package COMSOL Multiphysics v.5.2a, and the heat transfer module.
The first hypothesis of our simulation is to consider waste mass as a solid mass. The heat transfer takes place only by conduction and is assumed to be governed by the following Equation (1):
is the heat source, T (K) is the temperature and t (s) is time [36] . For the thermal simulation, the ranges of the thermal properties of loamy soil, and waste studied ( Figure 1d ) are taken from the references presented in the introduction and are summarised in Table 1 . Density values are based on data from the landfill site studied. Due to the complex geometry of the waste deposit CELL4, a complete 3D simulation is needed. The geometry of waste deposit CELL4 of the SAS Champs-Jouault industrial site is well known and has been presented in previous research projects [37] . The composition of the cell structure is reminded before and it can be retained that there is a passive and an active barrier all around the waste body to avoid soil and air pollution by leachate and biogas. To facilitate the representation of the medium surrounding the waste mass, only a passive barrier represented by a soil will be taken into account. The soil has a thickness of 1 m at the surface and on the sides of the waste mass and 10 m at the bottom. It is assumed that the active barrier does not influence heat flux.
We considered the waste mass as a solid and not as a porous medium (like Bonany et al. [38] ). The variations of water content induced by leachate injection at the top and by leachate drainage at the bottom are too difficult to describe. Leachate flows can be very different within the waste mass and follow preferential pathways according the micro and macro porosity distribution in the medium [39] . The same applies to biogas flows generated by waste biodegradation which cannot be modelled and for these reasons, both the liquid and gas circulations are therefore ignored.
To take into account the progressive filling of CELL4 from September 2011 to June 2012 (10 months) in the modelling, as proposed by Bonany et al. [38] , the final volume of waste stored has been divided into five individual compacted lifts of approximately 2 to 3 m of thickness representing five equal landfilling phases of two months starting in: September 2011, November 2011, January 2012, March 2012 and May 2012. A more detailed representation is not realistic to model and this approach appears sufficient to introduce a filling layer-by-layer representative of reality ( Figure 3 ). The geometry of waste deposit CELL4 of the SAS Champs-Jouault industrial site is well known and has been presented in previous research projects [37] . The composition of the cell structure is reminded before and it can be retained that there is a passive and an active barrier all around the waste body to avoid soil and air pollution by leachate and biogas. To facilitate the representation of the medium surrounding the waste mass, only a passive barrier represented by a soil will be taken into account. The soil has a thickness of 1 m at the surface and on the sides of the waste mass and 10 m at the bottom. It is assumed that the active barrier does not influence heat flux.
To take into account the progressive filling of CELL4 from September 2011 to June 2012 (10 months) in the modelling, as proposed by Bonany et al. [38] , the final volume of waste stored has been divided into five individual compacted lifts of approximately 2 to 3 m of thickness representing five equal landfilling phases of two months starting in: September 2011, November 2011, January 2012, March 2012 and May 2012. A more detailed representation is not realistic to model and this approach appears sufficient to introduce a filling layer-by-layer representative of reality ( Figure 3 ). 
Boundary Conditions
Modelling the temperature evolution in the waste deposit cell requires defining the boundary conditions of the thermal model. In waste deposit CELL4, the conditions are not the same on all sides. On the upper part of the deposit cell (① blue, Figure 4a ) in contact with the ambient air, we directly applied the air temperature (③ red, Figure 4b ) measured on the landfill site at the soil surface. During landfilling (Figure 3 ), this condition is applied to the top surface of the waste mass and to the top of the soil during post-closure. The air temperature variations are presented in Figure 5 , with five annual seasons from July 2011 to July 2016, with a minimum in winter around 0-6 °C in January and February and a maximum in summer around 20-27 °C in July and August.
To apply this condition to the limits, we considered a convective heat flow, which can be expressed in the following Equation (2): 
Modelling the temperature evolution in the waste deposit cell requires defining the boundary conditions of the thermal model. In waste deposit CELL4, the conditions are not the same on all sides. On the upper part of the deposit cell ( 1 blue, Figure 4a ) in contact with the ambient air, we directly applied the air temperature ( 3 red, Figure 4b ) measured on the landfill site at the soil surface. During landfilling (Figure 3) , this condition is applied to the top surface of the waste mass and to the top of the soil during post-closure. The air temperature variations are presented in Figure 5 , with five annual seasons from July 2011 to July 2016, with a minimum in winter around 0-6 • C in January and February and a maximum in summer around 20-27 • C in July and August.
To apply this condition to the limits, we considered a convective heat flow, which can be expressed in the following Equation (2):
where, q 0 is the heat flux (W.m −2 ), T amb is the measured ambient temperature ( • K), T is the soil temperature ( • K), and h is the exchange coefficient of convection (25 W.m −2 .K −1 ).
Geosciences 2019, 9, 426 8 of 22 Concerning the temperature of the soil (②, Figure 4a ), we assigned a constant temperature of 12.5 °C (④ green, Figure 4b ) at 10 m below the waste mass. These choices are justified by the French soil maps which give a constant soil temperature of 12.5 °C at a depth of 10 m. The sides of CELL4 and CELL3 in contact are considered to be in thermal equilibrium, like the 10 m of soil below with the ground around (⑤ purple, Figure 4c ). The initial waste temperature is equal to the ambient temperature at the time of its implementation. After the first landfilling phase (September to October 2011), the second individual compacted lift of waste is placed with a homogeneous initial temperature equal to ambient air. The same procedure shall be applied for the other phases until the last one and the soil deposit at the top. Concerning the temperature of the soil ( 2 , Figure 4a ), we assigned a constant temperature of 12.5 • C ( 4 green, Figure 4b ) at 10 m below the waste mass. These choices are justified by the French soil maps which give a constant soil temperature of 12.5 • C at a depth of 10 m. The sides of CELL4 and CELL3 in contact are considered to be in thermal equilibrium, like the 10 m of soil below with the ground around ( 5 purple, Figure 4c ).
Heat Source Optimisation
The initial waste temperature is equal to the ambient temperature at the time of its implementation. After the first landfilling phase (September to October 2011), the second individual compacted lift of waste is placed with a homogeneous initial temperature equal to ambient air. The same procedure shall be applied for the other phases until the last one and the soil deposit at the top.
In the literature, information is available on the thermal properties of waste, but little about the heat source (Q in W.m −3 ), which depends on different parameters such as biological decomposition, precipitation and ambient temperature, amount of organic matter, landfilling period with aerobic and anaerobic phases, for example. All the temperature evolutions recorded in the waste mass on CELL4, from its deposit and for several years, will show a fast increase of about forty degrees over a year followed by a slow decrease. To be in agreement with these observations, we decided to apply the heat generation rate function developed by Hanson et al. [32] (p. 1996) and named H: "The function resulted in growth of heat generation rate to a peak value followed by an exponential decay". Only the mathematical formula of the equation of the function (Equation (3)) was retained and the parameters were defined by optimization using data, geometry, materials and boundary conditions from waste deposit CELL4 of the SAS Champs-Jouault landfill presented before.
"Where, H is the heat generation rate (W/m 3 ), t is the time (day), A is the peak heat generation rate factor (W/m 3 ), B t and C t are the shape factors (day), and D is the decay rate factor (day)" [32] (p. 1996).
To estimate the quality of temperature modelling, 48 locations spread over the entire CELL4 were retained to compare measured data from the fibre optic device and the temperature calculated with the numerical modelling. Twenty-nine time steps are available over the period studied, between June 20, 2012 and July 11, 2016. The mathematical difference for all the datasets between the measured temperatures T data(t,i) and calculated temperatures T model(t,i) are expressed as a percentage of the measured temperature. This average mathematical difference is presented by Equation (4).
As proposed by Hauduc et al. [40] , we choose to retain the relative root mean square error (RRMSE) expressed in percentage [41] . It indicates the overall agreement between calculated and measured data and it can be used in conjunction with the Mean absolute error MAE (Equation (5)) to provide information on the prominence of outliers in the dataset [42] .
If the value of RRMSE is low, we considered that the model mathematically reproduces the measured temperature. To reach the most appropriate models compared to the measurements recorded, we combined numerous possibilities of the thermal parameters and the fours parameters of Hanson's equation (Equation (3)). As presented above, the modelling takes into account the landfilling of CELL4 in five successive two-month (60 days) steps. The average heat production (H in Hanson's equation, (1)) for the cell is therefore calculated according to the following formula (Equation (6)):
Equation (3), and Q in Equation
where, t is the number of days with t = 0 at the beginning of the landfilling, 1 September, 2011.
Results and Discussion
Distributed Temperature Readings from Fibre Optics Compared to Point Temperature Readings
The main goals of the continuously recorded point sensors were (i) to consider these measurements as references and to compare these data to those recorded by the fibre-optic sensors to confirm their reliability and (ii) to obtain a continuous temperature evolution at specific points located in the waste mass. Figure 6 presents the temperature evolution of point sensors T6, T7 and T9 (Layer 2) and data recorded from optical fibres FO6 and FO7 located at the same positions FO6(T6), FO6(T7) and FO7(T9) from June 2012 to December 2015. A good agreement is observed between June 2012 and January 2014 for all measuring torques (point sensor and optical fibre) with a temperature difference of less than 1 • C which confirms the quality of the data calibration recorded from optical fibres and the expected accuracy: ±0.5 • C. Then, data losses for point sensors begin to appear as well as differences of several degrees between measurements that will gradually increase. The degradation of the insulating protection between the thermistors and the connection cable of the point sensor is the hypothesis to explain the observed deviation and the poor agreement recorded from January 2014, as well as the loss of data one year later (no agreement in Figure 6 ). The electrical connections located in the waste mass are suspected of being damaged by humidity, compaction, corrosion and temperature, even with insulating protection. This problem can cause the cable to break and the total loss of measurement, but also a change in the resistance read at the terminals of the thermistor sensor and lead to a completely false measurement. This can be observed for the T9 probe, which increases from 2015 onwards to a temperature of 70 • C in an inconsistent way. Before continuous temperature measurements become unusable, the temperature evolution is characterised by two phases: a fast increase followed by a slow decrease. For point sensor T9, the first phase begins at the atmospheric temperature during the filling in May 2012 and rapidly increases in one year to reach a maximum of 62 °C in June 2013. For sensors T6 and T7, the evolutions are in the Before continuous temperature measurements become unusable, the temperature evolution is characterised by two phases: a fast increase followed by a slow decrease. For point sensor T9, the first phase begins at the atmospheric temperature during the filling in May 2012 and rapidly increases in one year to reach a maximum of 62 • C in June 2013. For sensors T6 and T7, the evolutions are in the same order of magnitude but with maximum temperatures reached at different times: 62 • C for T6 in November 2012 and 65 • C for T7 in January 2013. These increases are related to waste hydrolysis when oxygen is consumed and induces an exothermic process. Maximum temperatures around 65 • C were recorded on CELL4, in total agreement with the temperature range described in the literature during the aerobic phase. Then, a second evolution is observed, characterised by a slow decrease in temperature that begins many months after the end of the landfilling. The waste cell is gradually filled from the bottom to the top and therefore simultaneously induces the combination of the aerobic phase on the last waste lift at the top and the anaerobic phase in the waste mass covered below. There are therefore different temperature kinetics depending on the height of the waste mass considered. The decrease in temperature is faster for T6 located closer to the side exposed to the ambient temperature than T7 and T9.
Distributed Temperatures from Fibre-Optic Sensors
The objective of the fibre-optic sensors implementation in waste body using DTS technology is to describe at a large scale the temperature distribution and its evolution over many years from the landfilling period. The optical fibres were installed on two horizontal layers and the temperature evolution is shown in Figure 7 from 2012 to 2018. The cutting planes of Layer 1 in light red and Layer 2 in light blue are shown, and we can observe that these surfaces are largely described by temperature measurements. The study of these data allows several findings.
Whatever the date for which the temperatures recorded are compared, we can see that the upper level 9 m from the bottom of the waste cell (Layer 2) is always warmer than the lower level at 4 m (Layer 1). As already mentioned, the filling process in CELL4 is from the bottom to the top and during this period (September 2011-July 2012), the waste lift at the top is in aerobic condition with a higher temperature than the waste mass below it, which is in an anaerobic condition until it is covered by another waste layer. The evolution of the waste mass temperature is also influenced by the boundary conditions of CELL4: air-soil temperature on the top and the sides not covered by another waste cell, the bottom in contact with the ground and one side leaning against CELL3 (illustrated in Figure 1b ). The influence of the external climatic conditions on the waste mass temperature in a MSW landfill is classical and was clearly reported by Yesiller et al. [43] with a main impact on the sides of the waste body. For the two horizontal sections (Layer 1 and Layer 2), the highest temperatures are recorded at the centre of the surfaces studied. Although waste mass is still considered as a heterogeneous porous medium, temperature is an intensive variable controlled by the local environment and data observed do not reflect this heterogeneity: a very hot zone is located in its middle and the temperature decreases approaching the edges, influenced by the boundaries in contact with the top soil, external temperature or the surrounding waste cell, CELL3. This temperature distribution is similar to that described by Yesiller et al. [44] for the cold climate with an average ambient temperature equal to 12 • C with a minimum of −6 • C and a maximum of 27 • C, and an average annual rainfall of 1200 mm, between 2012 and 2016. No temperature discontinuity is observed, and if areas with a different thermal evolution exist, they are too small to be detected by the resolution of the temperature measurements. It could also be imagined that the thermal conductivity of the waste body around these areas is significant and sufficient to homogenise the temperature in such places. The south side of CELL4 is the most exposed to external conditions, as shown in Figure 7 , with the average temperature decreasing from 50 • C to 25 • C between 2012 and 2018. From 2016, the west side is also strongly impacted by the temperature drops, but mainly at the bottom of the cell, as shown by the data on Layer 1. The external side of waste deposit CELL4 on the north is several tens of meters from the first available measurements and the influence of external conditions is not perceptible there. As presented for the boundary conditions of the numerical modelling, the east side of CELL4 is based on CELL3 and this set is considered to be in thermal equilibrium: this is confirmed by temperature measurements of the two layers that do not highlight the influence of external temperatures. As explained in the introduction, the temperature range between 35 • C and 55 • C is suitable for the bacterial population responsible for methanisation. The location of these two isotherms is shown in Figure 7 by a red line for 35 • C and a blue line for 55 • C. Temperatures above 55 • C were recorded for Layer 1 until the end of 2014 and until the end of 2016 for Layer 2, i.e., more than four years after the installation of the top barrier. These illustrations make it possible to clearly distinguish the decrease over time of the optimal temperature zone for the methanogenic biodegradation for both levels. The evaluation of the volume representing this optimal temperature is not easy because the distribution of the measurements is not These illustrations make it possible to clearly distinguish the decrease over time of the optimal temperature zone for the methanogenic biodegradation for both levels. The evaluation of the volume representing this optimal temperature is not easy because the distribution of the measurements is not symmetrical, as well as the edge effects. However, we can already conclude that the sides of a landfill exposed to climatic conditions are only for a few years, three to four years, under optimal temperature conditions to promote the methanogenesis. In the coming years, it will be interesting to compare the evolution of the temperatures on the south and west sides of CELL4 and the average ambient temperatures recorded on the landfill site.
To continue the analysis of temperature measurements recorded from the DTS device, specific measurement points extracted from the optical at the abscissa: x = 170 m, x = 200 m, and x = 230 m, (3 dotted lines in black in Figure 2c Figure 8b ).
For points x = 170 m except for FO3 and FO4 for which the optical fibres are too short (Figure 8c ), the previous conclusions apply: a maximum is recorded in April/May 2013, Layer 1 temperatures are lower than Layer 2 with higher values in the centre, and all Layer 2 temperatures decrease at the same rate. The temperatures reached in 2018 are between 40 and 50 • C with an average decrease of −2 • C per year (black line in Figure 8c ).
Whatever the analysis considered among the optical fibres studied, an increase in temperature is observed starting during the filling operation and reaches the maximum value around 65 • C in April/May 2013, six months after the HDPE Geomembrane deposit at the top of the waste body and one year after the waste mass landfilled where the data are recorded.
This increase is linked to aerobic biodegradation before an anaerobic phase and a decrease in temperature during the post-closure period characterised by methanogenic biodegradation composed of approximately 60% methane for biogas production [45, 46] .
In 2018, the waste mass temperature in the heart of CELL4 is between 40 and 50 • C while the sides exposed to external climatic conditions are around 25-35 • C. The optimal temperature continues to be debated, even though Rees [6] identified the temperature range of 40-45 • C to be the optimum range for gas production at a landfill located in a temperate climate [6, 47] . Generally, a temperature between 35 • C (mesophilic condition) and 55 • C (thermophilic condition) is considered to be suitable for methane production but with different kinetics due to anaerobic consortia, which differ for the two conditions [48] . The objectives of modelling as-proposed are to find the optimal thermal parameters to fit the measured temperature, to discuss these results according the operational conditions of landfilling and to predict the temperature evolution for the next years to understand if CELL4 will be under temperature conditions appropriate for methanogenic biodegradation.
Modelling CELL4's Temperature
The first objective of numerical modelling is to determine the thermal properties of the model and the parameters of the heat source according to Hanson's equation (Equation (3) ).
Among the thousands of simulations tested, the best fitting mathematical model was obtained for the parameters described in Table 2 and gave the following quality results: RRMSE = 7.9% and The objectives of modelling as-proposed are to find the optimal thermal parameters to fit the measured temperature, to discuss these results according the operational conditions of landfilling and to predict the temperature evolution for the next years to understand if CELL4 will be under temperature conditions appropriate for methanogenic biodegradation.
Among the thousands of simulations tested, the best fitting mathematical model was obtained for the parameters described in Table 2 and gave the following quality results: RRMSE = 7.9% and MAE = 3.0 • C (Equations (4) and (5)). Several models have a RRMSE less than 10% with parameters close to the optimal results. The thermal conductivity of the waste mass and the soil are lower than those identified in the literature, while the results for specific heat capacity are in the known ranges. Similarly, the parameters calculated for Hanson's equation are quite different from those found by the author in 2013. The main difficulty of our simulation was to test a large number of parameters (10 in total without counting the densities whose values were known), multiplying all possible combinations. The optimization of this simulation could be to evaluate at laboratory scale the thermal parameters of the waste mass and the soil to determine their values.
The optimal heat function presented in Figure 9 shows a peak heat generation rate value of 11.2 W.m −3 and a time for peak value equal to 20 days for each phase. These results are different from Hanson's results (2013), who found for Cell B (older wastes) and Cell D (newer wastes) respectively, values equal to 1.16 W.m −3 and 1.52 W.m −3 for the peak heat generation rate value and to 360 days and 87 days for duration for the peak value, which represents an amplitude ten times lower and reached much later. Several hypotheses are proposed to explain this difference: the composition of the waste mass with a more important putrescible fraction, 25% in our case against 10% for Hanson, the ambient conditions with ambient temperature between −6 • C and 27 • C higher and an annual average rainfall of 1200 mm against 800 mm for Hanson. Our conditions are conducive to heat generation in the aerobic biodegradation phase with a bigger quantity of biodegradable fraction with a higher moisten waste mass and with 33% increase in rainfall.
Geosciences 2019, 9, 426 16 of 22 MAE = 3.0 °C (Equations (4) and (5)). Several models have a RRMSE less than 10% with parameters close to the optimal results. The thermal conductivity of the waste mass and the soil are lower than those identified in the literature, while the results for specific heat capacity are in the known ranges. Similarly, the parameters calculated for Hanson's equation are quite different from those found by the author in 2013. The main difficulty of our simulation was to test a large number of parameters (10 in total without counting the densities whose values were known), multiplying all possible combinations. The optimization of this simulation could be to evaluate at laboratory scale the thermal parameters of the waste mass and the soil to determine their values.
The optimal heat function presented in Figure 9 shows a peak heat generation rate value of 11.2 W.m −3 and a time for peak value equal to 20 days for each phase. These results are different from Hanson's results (2013), who found for Cell B (older wastes) and Cell D (newer wastes) respectively, values equal to 1.16 W.m −3 and 1.52 W.m −3 for the peak heat generation rate value and to 360 days and 87 days for duration for the peak value, which represents an amplitude ten times lower and reached much later. Several hypotheses are proposed to explain this difference: the composition of the waste mass with a more important putrescible fraction, 25% in our case against 10% for Hanson, the ambient conditions with ambient temperature between −6 °C and 27 °C higher and an annual average rainfall of 1200 mm against 800 mm for Hanson. Our conditions are conducive to heat generation in the aerobic biodegradation phase with a bigger quantity of biodegradable fraction with a higher moisten waste mass and with 33% increase in rainfall. According to Figure 9 , the calculation of the total energy expended from September 2011 (beginning of landfilling CELL4) to July 2021 (3591 days later) for our optimized simulation and According to Figure 9 , the calculation of the total energy expended from September 2011 (beginning of landfilling CELL4) to July 2021 (3591 days later) for our optimized simulation and Hanson's function found a total energy expended of 222 MJ/m 3 in our case against 100 MJ/m 3 for the older waste curve and 160 MJ/m 3 for the newest waste curve. Our result is higher but in accordance with the differences presented above.
The measured and simulated temperatures are represented on a time scale in Figure 10b ,c respectively, with 48 results (one colour for each result) for each of the 29 time steps.
In Figure 10a , the correlation between the measured and simulated values is presented as well as the results of RRMSE and MAE describing the quality of the optimal model. Temperatures measured below 50 • C are reduced by the model, unlike higher values, which are increased.
The modelling also shows a temperature rise of a few weeks for all points, with a shift in the maximum value reached for simulated data compared to the measured data ( Figure 11 ). Moreover, the ranges of temperature are greater at the beginning of the simulation. In 2012, the measured data were between 42 • C and 60 • C against 43 • C and 53 • C for the simulated data. In 2016, after four years of post-closure, the temperature variation ranges were identical for measured and simulated values respectively, ranging from 25 • C to 57 • C and 25 • C to 55 • C. Despite taking into account the landfilling of the waste deposit cell from the bottom to the top modelled in 5 steps, the temperatures are not rigorously simulated in the model. Even if the model has imperfections, the results make it possible to predict future temperature changes at different points in the waste mass CELL4.
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Hanson's function found a total energy expended of 222 MJ/m 3 in our case against 100 MJ/m 3 for the older waste curve and 160 MJ/m 3 for the newest waste curve. Our result is higher but in accordance with the differences presented above.
In Figure 10a , the correlation between the measured and simulated values is presented as well as the results of RRMSE and MAE describing the quality of the optimal model. Temperatures measured below 50 °C are reduced by the model, unlike higher values, which are increased.
The modelling also shows a temperature rise of a few weeks for all points, with a shift in the maximum value reached for simulated data compared to the measured data ( Figure 11 ). Moreover, the ranges of temperature are greater at the beginning of the simulation. In 2012, the measured data were between 42 °C and 60 °C against 43 °C and 53 °C for the simulated data. In 2016, after four years of post-closure, the temperature variation ranges were identical for measured and simulated values respectively, ranging from 25 °C to 57 °C and 25 °C to 55 °C . Despite taking into account the landfilling of the waste deposit cell from the bottom to the top modelled in 5 steps, the temperatures are not rigorously simulated in the model. Even if the model has imperfections, the results make it possible to predict future temperature changes at different points in the waste mass CELL4. The second objective of modelling is to predict the changes in temperature spatially, more particularly, in the core of CELL4 where they are greatest. This requires that the temperature conditions applied be the same as before: 12.5 °C for soil at the bottom of the waste, ambient temperature between −6 and 27 °C , depending on the season, as in Figure 5 , and on the other sides, except for the side in contact with CELL3, where thermal equilibrium is preserved with CELL4. As stated above, the temperature conditions will be favourable for biodegradation methanogenesis as long as temperature will be higher than 35 °C and modelling predicts that the heart of the waste mass, where the temperature is highest, will reach this value in 2025, thirteen years after the beginning of amount of waste mass. This difficulty of keeping the waste cell sides at optimal temperature is also reinforced by the fact that these locations are more difficult to moisten, one of the key parameters for biodegradation, with leachate recirculation networks implanted mainly at the middle and the top of the waste cell. For the landfill operator, this information is very important, because the Champs-Jouault site heats the leachates before recirculation on waste deposit cell and after many years, the injection of warm leachate could allow to maintain an optimal temperature to promote the biodegradation processes. The second objective of modelling is to predict the changes in temperature spatially, more particularly, in the core of CELL4 where they are greatest. This requires that the temperature conditions applied be the same as before: 12.5 • C for soil at the bottom of the waste, ambient temperature between −6 and 27 • C, depending on the season, as in Figure 5 , and on the other sides, except for the side in contact with CELL3, where thermal equilibrium is preserved with CELL4. As stated above, the temperature conditions will be favourable for biodegradation methanogenesis as long as temperature will be higher than 35 • C and modelling predicts that the heart of the waste mass, where the temperature is highest, will reach this value in 2025, thirteen years after the beginning of the simulation (Figure 11 ). This duration is in accordance with the decrease of −2 • C/year evaluated with the temperature measured in Figure 8c for the slower temperature decrease: 60 • C in January 2012 allows for calculating a temperature of 35 • C, 12.5 years later in July 2024. Before that date, after four or five years depending the layer considered, the situation is already much less appropriate for waste surrounding the middle of the waste body, especially near the sides, which represents a large amount of waste mass. This difficulty of keeping the waste cell sides at optimal temperature is also reinforced by the fact that these locations are more difficult to moisten, one of the key parameters for biodegradation, with leachate recirculation networks implanted mainly at the middle and the top of the waste cell. For the landfill operator, this information is very important, because the Champs-Jouault site heats the leachates before recirculation on waste deposit cell and after many years, the injection of warm leachate could allow to maintain an optimal temperature to promote the biodegradation processes.
Conclusions
Irstea has been conducting a research program with the bioreactor landfill operator SAS Les Champs Jouault since 2011 to study the evolution of waste biodegradation at the landfill scale with numerous measurements taken inside the waste mass. Among all the sensors used, 1200 m of optical fibres using with distributed temperature sensing technology were installed at different layers in waste CELL4 and continue to be operational. Mechanical protection was provided with sand and geotextile on both sides of the sensors for protection. Only the connection between the fibre optic and the DTS equipment is fragile and requires careful handling. One technical difficulty, regarding the distributed temperature sensing technology using fibre-optic sensors in MSW landfills is the setting up of the sensors which must be in contact with the waste mass. However, the temperature calibration is easy, and when performed automatically at each measurement can allow for a temperature uncertainty of ±0.5 • C. Moreover, and perhaps one of the most important aspects with temperature studies, is that data interpretation is simple.
The temperature distribution in waste CELL4 shows us that it performs thermally as a single-block, whose evolution follows the same trend but with different temperatures depending on the location of the measuring points: warmer in the centre and colder on the sides.
The waste mass is at ambient temperature when it arrives on the landfilling cell and its temperature quickly rises in less than one year to reach maximum temperatures of 60-65 • C. This phase begins during the landfilling aerobic phase (starting in September 2011) and ends for the last fraction of waste mass stored (July 2012) during the post-closure phase. After these maximum temperatures have been reached, the temperatures decrease slowly and the rate of decrease is strongly impacted by the effects of the external conditions on the sides of the waste cell. In July 2018, six years after the maximum temperatures, the heart of the waste mass which is still the warmest, is around 45-50 • C and the measuring points closest to the edges are around 25 • C. The heterogeneity of the waste mass does not show up in the temperature variations and for the temperature survey, the waste can be considered as a single unit.
The temperature simulation manages to predict its evolution over time to check if the waste mass will be in suitable temperature conditions, between 35 • C and 55 • C, to promote methanogenesis biodegradation. The temperature simulation found the most suitable thermal parameters and parameter for Hanson's equation to fit the measured temperature. The quality of results of the simulation (RRMSE and MAE), demonstrate the robustness of the model even if the thermal parameters calculated for waste mass and soil as well as the parameters of Hanson's equation are not identical to those identified in the literature. Over the simulation period, 2012 to 2016, the differences between the measured and simulated values are greater at the beginning than at the end, even with the layered landfilling being taken into account. As it was clarified before, heat waste generation and its transfer are largely influenced by waste composition and mechanical characteristics, precipitation and ambient temperature, amount of organic matter, and landfilling period with aerobic and anaerobic phases, for example. The landfill studied is therefore characterised by a higher heat production in a very short time compared to the sites identified in the literature. The simulation calculates a four-year period for the edges of the CELL4, and a thirteen-year period for the entire waste mass, to be at a temperature below 35 • C after landfilling. For an industrial operator, knowing the temperature evolution for the coming years is important to manage a landfill in a bioreactor mode.
To conclude, temperature measurement in landfill at a large scale is an essential physical parameter to study, because its relation to promote the different biodegradation phases is well known and very often studied at a laboratory scale.
